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Laser-Initiated Combustion Studies on Metallic Alloys in Pressurized Oxygen*

James W. Bransford
National Bureau of Standards

Boulder, Colorado 80303

The interim results of ignition and combustion studies on aluminum, cobalt,

iron, and nickel based alloys are presented. It was found that aluminum alloys

could be ignited below the melting point of the product alloy oxides. It was

also found that the cobalt, iron, and nickel based alloys generally ignited

slightly below to slightly above the melting range of the respective alloy. Un-

supported combustion could not be achieved until the alloys and oxides were in

the liquid state.

Key words: alloy; combustion; ignition; metal; oxygen compatibility

*Certain commercial equipment, instruments, and materials are identified in this
paper to adequately specify the experimental procedure and materials studied. !

no case does such identification imply recommendation or endorsement by the
National Bureau of Standards, nor does it imply that the material or equipment
identified is necessarily the best available for the purpose.





1.

INTRODUCTION

This interim report presents the follow-on work on Government Order H43201B

- Combustion of Metals in Oxygen. The initial report 1 on this contract de-

scribed the results of experiments carried out on small i rregul ar-shaped samples

of four aluminum alloys, three stainless steels, and two copper alloys. The ex-

periments provided qualitative information on the i gnitabi 1 i ty, combustibility,

and brightness profile, and quantitative data on combustion temperatures and

oxygen consumption rate. From the oxygen consumption rate, brightness, and

photographic data, several conclusions about the ability to obtain an ignition

point (Appendix B), using the laser heating technique, were arrived at. These

were

:

1. For vapor burning materials - aluminum and aluminum alloys, titanium and

titanium alloys, for example - an ignition point could be readily deter-

mined since signal profiles were sharp and unambiguous.

2. For liquid surface burning materials - stainless steels, nickel alloys,

for example - the signal profiles had slow rise-times and irregular

shapes. Thus, defining an ignition point was expected to be difficult

but achievable.

With the establishment of the feasibility of obtaining an ignition point,

or at least a point above which ignition was highly probable, the actions re-

quired for the follow-on effort were defined. These actions were:

1. Construct a high pressure chamber and obtain support equipment.

2. Develop an adequate flameproof lining for the chamber.

3. Develop interior and exterior high temperature measurement capability.

4. Develop mass measurement capability under pressurized conditions.

5. Establish criteria for defining the ignition point.

iBransford, James W. and Clark, Alan F. , NBSIR 81-1647, April 1981.

1



The above actions have subsequently been carried out and are discussed in the

following sections along with the results of measurements made to 6.9 MPa.

II. EXPERIMENTAL

A. Facility Development

The original combustion facility was set-up primarily to study titanium com-

bustion at atmospheric pressure with the sample blanketed by flowing oxygen. A

small chamber was available but had very limited viewing; the pressure capability

was from vacuum to less than 0.2 MPa. Temperature measuring capability was lim-

ited to a radiant intensity pyrometer and to a rapid scanning spectrometer, both

of which were inadequate for the fast, precise temperature measurements needed

for the high pressure experiments. The pyrometer was adversely affected by smoke

and window clouding; the rapid scanning spectrometer was too slow and could not

be used for continuous measurements during the experiment. Mass measurements

were made on an electronically modified laboratory balance, which could not be

adapted for chamber operation. Consequently, a high pressure combustion chamber

had to be built and several major items of equipment procured and/or developed.

The major items of equipment provided for the high pressure facility are de-

scribed briefly below.

1. High Pressure Chamber:

The usual procedure used to minimize safety risk in high pressure oxygen ex-

periments is to limit the experiment volume. This procedure was not feasible in

this case since the ultimate experiment size and configuration were unknown and

considerable viewing area was considered necessary. After several iterations,

the final chamber configuration and interior volume was established. The in-

terior dimensions were 12 cm in diameter by 23.5 cm in height. These dimensions

would allow the manual placement and adjustment of specimens and support equip-

ment, and pressure changes during the experiment would be small. Four equally
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spaced ports were placed perpendicul ar to the chamber axis and four equally

spaced ports were placed at 45° to the axis. Each port allows a circular viewing

area of approximately 11.3 square cm at the sample. The ASME Unfired Pressure

Vessel Code was used to determine minimum shell and closure dimensions. Consid-

erable material was then added for additional safety (in case of wall combusion)

and also to simplify casting of the item. Casting was used to eliminate welding.

A sectional view is shown in Fig. 1 with Fig. 2 showing the finished chamber in

position.

There were two critical chamber components. The first was the fire wall.

This component must be capable of stopping a burning metal drop without being

penetrated or cracking and exposing the chamber surfaces. Several configurations

and materials were considered and tested. The configuration chosen was composed

of several layers of heavy asbestos cloth heavily impregnated with a silicate re-

fractory cement. The layers are applied wet and allowed to dry in place, provid-

ing a tight seal to the metal contours. The wall has been impacted a consider-

able number of times with molten burning material and impinged by the reflected

laser beam without failure.

The second critical chamber component was the window for the laser beam.

There are few materials which will pass 10.6 ym wavelength radiation. Of those

that do, most have a large index of refraction and therefore require some type of

antireflection coating. These coatings have two potential problems. The first

was the possible adverse effect on the coating due to pressure stress. The

second is radiation adsorption at particle adhesion points on the bottom surface.

The energy adsorbed at these adhesion points could be sufficient to cause thermal

cracking of the window and result in sudden window failure during an experiment.

Because of the potential trouble with the higher strength high index of refrac-

tion materials, it was decided to use a low index of refraction uncoated

3
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Figure ?. View of combustion chamber in position.
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material, as a first attempt, even though this meant using a low strength mate-

rial. The material chosen was polycrystalline sodium chloride. This material

was readily available, relatively low cost, and potentially refurbi shable. A

window, using this material, was designed and several purchased. 2 The window

has been tested to pressures of 14 MPa with no sign of failure even though con-

siderable interior surface damage has occurred. It is expected that this item

can be used to pressures significntly beyond 14 MPa. Figure 3 shows an exploded

view of the window and mounting arrangement.

2. Surface Temperature Measurement

The experiment is arranged to allow the sample to be heated from the top.

This top surface then will be the first to undergo ignition and combustion. To

obtain an accurate temperature of this surface a noncontact method must be used.

This prevents biasing of the temperature profile or changing the ignition tem-

perature as would happen if a contact method was used. Infrared two-color ratio

pyrometry was chosen as the means to measure the surface temperature. This two-

color method differs from the method first chosen and reported in the first in-

terim report. The method is discussed further in Appendix A.

Two pyrometers are used since energy spikes in the laser beam and convection

currents from the sample generates moving hot spots. One pyrometer, a modified

commercial unit, called a broadband pyrometer in this report, views the entire

sample top surface. The temperature generated by this unit was an integrated

average temperature and is called an average temperature in this report. The

second pyrometer views a small area which can vary from 0.5 mm to 3 mm in diam-

eter and is called a narrowband pyrometer in this report. A brief description of

each pyrometer follows.

^Bransford, James W. , Review of Scientific Instruments, Vol . 55, No. 1,

pp. 125-126, January 1984.
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Figure 3. Polycrystalline sodium chloride window assembly.
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a. Broadband Pyrometer

The broadband pyrometer was a commercial unit which has been modified to ex-

tend the valid temperature range from 1173 K to 2673 K. The field of view was

approximately 6 mm in diameter at the sample, which covered the complete specimen

top surface. The instrument was capable of making valid measurements with up to

95% signal attenuation (Appendix A). The spectral response range extends from

700 nm to 1050 nm with one signal derived from the entire spectral range centered

at 950 nm and the second signal derived from a narrow wavelength band centered at

1050 nm. The accuracy of the instrument was typically 1% or better on smooth

surfaces with some decreased accuracy on rough oxidized surfaces and surfaces

that contain iron oxides.

b. Narrowband Pyrometer

The narrow band pyrometer was an in-house designed and constructed unit

which operates on the same principle as the broadband unit. The major differ-

ences are that this unit has a narrow field of view and each signal's optical

bandwidths are very narrow. The short wavelength signal was centered at 905.1 nm

and the long wavelength signal was centered at 1060 nm. The bandpass for each

wavelength was 10 nm FWHM.

3. Interior Temperature Measurement

It was considered highly desirable to have a specimen interior temperature

in addition to the surface temperature due to the physical nature of the oxides

produced during heat-up. The oxides of most of the alloys are tight protective

oxides during much of the heat-up period. However, at the higher temperatures

preceding ignition the oxide layer rapidly increases in thickness and develops a

scaly or granular nature. This produces an insulating effect which may introduce

a significant temperature differential between the upper oxide surface and the

oxide-metal interface.
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There are two techniques that can be used to measure an interior temperature

in the ignition ranges expected. One technique, a blackbody radiant method, uti-

lizes an iridium coated quartz fiber. The upper temperature limit is approxi-

mately 2000 K. The second technique utilizes a thermocouple. The measurement

method chosen was the thermocouple since this device is less costly and easier to

implement. Two types of thermocouples were used. They were tungsten 5% rhenium

vs. tungsten 26% rhenium, which has the highest temperature capability but has

oxidation problems, and platinum 10% rhodium vs. platinum which resists oxidation

but has lower temperature capability. EMF data are available for temperatures up

to 2593 K for the tungsten system and to 2041 K for the platinum system. Wire

diameter for each thermocouple system was 0.13 mm (0.005 in).

4. Mass Measurement

The metals and alloys of this study produce nonvolatile oxides which remain

mostly within the reaction zone. Thus, if a sufficiently sensitive mass measure-

ment device can be found and a stable baseline maintained during the experiment,

the rate of the oxidation reaction can be followed. Two mass sensors have been

used, one exclusively for the open atmosphere experiments, and one exclusively

for pressure chamber experiments.

The mass sensor used for the open atmosphere experiments was a standard

laboratory electronic balance. The balance electronics were modified to increase

the response time and to stabilize and amplify the output signal. The sensi-

tivity of this unit was 10 mg/mV.

The second mass sensing unit, which was used for experiments in the pressure

chamber, is based upon an LVDT force transducer. This device was modified to

withstand pressures up to 70 MPa. The unit has a full scale range of 100 grams.

In use, the output signal is offset and amplified to give a sensitivity of ap-

proximately 6 mg/mv. The unit has one drawback. The spring mounted platen
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assembly is undamped and thus was very sensitive to vibration and impulse loads

produced during combustion. Never-the-1 ess, the precombustion oxidation rate can

be obtained with good accuracy.

B. Experiment

1. Materials

For this effort, the materials consisted of eighteen metallic alloys and

three nonmetallic materials. A list of these metallic alloys and their chemical

composition is given in Table 1. Several other materials will also be included

in this study. These will provide a link to previous experiments and also pro-

vide information on the behavior of several pure materials which form the basis

for the alloys being studied as well as several other alloys of interest. Sev-

eral of the additional materials that will be studied are pure iron, pure nickel,

monel 400, monel K-500, and pure copper. As the results of previous work are

compiled, other materials may be added.

2. Specimen Geometry

The original study utilized small irregular-shaped specimems cut from sheet

stock. This type of specimen does not lend itself well to accurate interior or

exterior temperature measurements; thus a change in specimen geometry was neces-

sary if these data were to be obtained. It was also desirable to change the

specimen geometry in order to increase the mass data signal -to-noise ratio.

In arriving at an applicable specimen geometry, several requirements had to

be kept in mind. These were:

1. Maximum laser power was between 75 to 85 watts.

2. Ultimate specimen temperature needed to approach 1800 K or higher

for the iron, nickel, and cobalt alloys and to exceed 2330 K for the

aluminum alloys in order to be assured of reaching an ignition tem-

perature.

10
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3. Heat-up time to maximum temperature needed to be kept to less than

three minutes maximum, and preferably to about two minutes.

Several specimen configurations and dimensions were tried. A cylindrical

specimen with height equal to diameter (5 mm), to minimize heat loss by

radiation, was found to meet most of the above requirements adequately and give

consistent results. A 0.635 mm diameter thermocouple well was drilled axially to

within 0.25 mm to 0.40 mm of the top surface. The thin web of material at the

top of the specimen requires that the experiment be completed beyond the point of

ignition before normal nonprotect i ve oxidation completely destroys the web and

also the thermocouple. This destruction of the web by the nonprotecti ve

oxidation mechanism usually requires two to three minutes after reaching high

temperature. The thermocouple will sense an environment which is hottest

directly above the bead but cooler at the sides. The temperature measured by the

thermocouple was an "averaged" temperature biased slightly to the low side from

the true oxide-metal interface temperature.

3. Experimental Arrangement

The experimental set-up for the open atmosphere experiments and the pressure

chamber experiments was essentially the same. The major difference was that the

spray shield for the open atmosphere set-up had a smaller top opening for the

laser beam and oxygen was introduced through a small side opening with flow

across the top of the sample. Figure 4 shows a side view of the pressure chamber

set-up. The mass sensors were utilized as the experiment support and were pro-

tected from excessive heat by a foam fire brick. A graphite crucible was used to

contain the specimen and molten material produced during combustion. Heat trans-

fer from the specimen to the crucible must be minimized in order to achieve the

desired heating rate and maximum temperature. To achieve this, the thermocouple

was bonded in place in the specimen well in the graphite block. Then the

12



Spray Shield

Graphite Crucible

Aluminum Oxide
Insulation

Heat Barrier

LVDT Mass Sensor

Pressure Chamber
Bottom Closure

Figure 4. Experimental set-up in combustion chamber.
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specimen well was lined with packed aluminum oxide powder to a thickness of ap-

proximately 1 run on the side and 2 mm on the bottom. The specimen was then in-

serted firmly over the thermocouple and seated firmly on the aluminum oxide

powder. The thermocouple leads are then connected to the chamber feed-thru leads

and the mass sensor calibrated.

A typical experiment records at least five quantities which are:

1. Mass

2. Interior temperature

3. Overall top surface temperature

4. Spot top surface temperature

5. Brightness

High-speed movies and/or spectral measurements may also be made. All electronic

data were recorded on digital oscilloscopes with the possible exception of spec-

tral data which can be recorded as digital, analog, or photographic data. All

digital data were passed through a desktop computer for processing and recording

onto permanent magnetic tape or disc files.

III. RESULTS

A. Specimen Heating Rate

A number of specimens of several alloys representative of the overall group

of materials were heated in air to confirm that the desired maximum temperature

range could be reached in the required time. (Air contains sufficient oxygen to

give an oxidized surface similar to that obtained in pure oxygen without support-

ing combustion). The thermocouple was positioned at the predetermined depth of

0.25 mm to 0.40 mm from the top surface as well as at other positions. The sur-

face temperature was measured using the broadband pyrometer. The results of

these heating experiments were compared to computer generated temperature distri-

butions and heating rates. Two comparisons were made, one for the high thermal

14
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ignition, and the ignition temperature determined from this trend curve. How-

ever, this procedure was used only if the data are considered to be extrapolat-

able. The values obtained for the temperatures at ignition for aluminum 6061

ranged from approximately 1700 K to approximately 2100 K with most data above

1825 K.

2. Iron and Nickel Base Alloys

The ignition and combustion behavior of the larger specimens, 750 mg and

heavier, used in this phase of the program, was essentially the same as for the

smaller specimens used in the initial study. A small hot spot would develop

within the laser beam impingement area and then develop into combustion and

spread across the specimen surface. All of the iron and nickel alloys studied

could be ignited and would burn to completion. Monel 400 and Monel K-500 could

also be ignited and would burn to completion. Nickel 200, essentially pure

nickel, was the only material that could not be reliably ignited. This was due

to the development of a heavy layer of nickel oxide which has a very high melting

point, 2363 K, and thus prevented oxygen transport to the molten metal. In fact,

if the experiment run time was lengthened at the higher temperatures, the heavy

build-up of oxides could prevent ignition of all of the materials studied.

The determination of the ignition temperature, for this phase of the study,

was a major problem since a surface temperature measurement was not available.

Previous investigators had used the most rapid rate of change in the brightness

signal (ds/dt = max.) as the time reference in determining the ignition tempera-

ture. To test this definition against oxidation rate data, a number of experi-

ments were run in which the brightness signal was correlated with the mass

signal. Figure 11 is a typical result for a stainless steel. It was found that

generally ds/dt was a maximum during combustion, not at ignition, and therefore

could not be used to determine the time at which ignition occurred. To further
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complicate the problem, there was an experiment-to-experiment and a material-to-

material variation in the specific detailed shape of the brightness curve as well

as the relation of the curves general features to the oxidation rate curve.

The problem presented by the inconsistent brightness curve is partly re-

solved by using mass data to determine the beginning of combustion and then work-

ing backward to determine the most probable time for ignition to have occurred.

This procedure requires that the ignition reaction continue sufficiently long to

consume a detectable amount of material. For most of the materials studied this

criterion appeared to be met; however for several, the product oxides suppressed

adequate consumption of material so that ignition point could not be estimated

from the mass curve.

Figure 12 shows the relationship between interior temperature (upper curve),

weight (middle curve), and brightness (lower curve) obtained from the combustion

of a 650 mg specimen of 304L stainless steel. This data set was representati ve

of those obtained from all 300 series stainless steels. For this test, the oxi-

dation rate began to accelerate at five seconds. Since there was an absence of

any indication of abrupt surface temperature transitions prior to this time, ig-

nition was assumed to occur at that time.

The results of the atmospheric flowing oxygen experiments can be grouped ac-

cording to alloy type, i.e., 300 series stainless steels, nickel based alloys,

etc. These results are summarized below.

a. Stainless Steel: AISI 302, 304, 304L, 316, 321, and 347

Based upon oxidation rate data, these alloys appeared to ignite within their

respective melting ranges, 1672-1728 K, with some data indicating ignition tem-

peratures may be as low as 1600 K. Unsupported combustion was not concurrent

with ignition; the alloys must be in the liquid phase in order for unsupported

combustion to occur.
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b. 440C Stainless Steel

This was the only 400 series stainless steel tested. The data indicate a

probable broad ignition range with a low end approaching that of pure iron, ap-

proximately 1400 K, but with definite ignitability in the liquid phase, 1644-

1783 K. Unsupported combustion can only occur if the alloy is liquid, greater

than 1600 K.

c. Nickel Based Alloys: UNS N06600, N06625, and N07718

These alloys typically ignited within their respective melting ranges, 1533-

1700 K. Some data indicated ignition at slightly less than the solidus tempera-

ture. Unsuported combustion can only occur if the alloy is fully liquid.

d. Monel 400 and K-500

The data for these two alloys are erratic, but ignition appears to occur at

temperatures greater than 1500 K, with combustion occurring in the liquid phase.

C. Ignition and Combustion Test in Pressurized Oxygen

The ignition and combustion characteristics for the vapor burning alloys did

not change with increasing oxygen pressure. However, for the liquid surface

burning alloys, there were two significant changes in behavior. The most notice-

able change occurred in the amount and size of the droplets and spray which is

ejected during combustion. The increased pressure decreased the size of vapor

bubbles which drive the droplet and spray mechanism. This allowed the vapor bub-

bles to accumulate and build in size until a critical size was reached. This

critical size then overcomes the surface tension, which maintains a stable fluid

volume, expands and literally blows the molten sample from the crucible in large

drops. The most severe action occurred in the 0.34 MPa (50 psia) to 0.69 MPa

(100 psia) pressure range. For pressures greater than 1.38 MPa (200 psia) the

ejection of large droplets of material was essentially suppressed for the speci-

men size used.
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The second change in behavior occurred in the ignition sequence. In gen-

eral, the surface temperature at ignition experienced a sharp increase

(Figure B.3) and the time between the development of an ignition zone (hot-spot)

and the development of full combustion was considerably shorter than in the at-

mospheric tests. For some cases, the delay between ignition and combustion was

only a few data acquisition time periods and could be considered to be concur-

rent.

The results of the testing, to date, at elevated pressures is presented in

the following sections.

1. A1 uminum 6061

Aluminum 6061 is the only aluminum based alloy tested at elevated pressure

to date. It was possible to obtain data on this alloy to pressures of 2.41 MPa

(350 psia) but not beyond, due to sample cooling by the higher density gas. An

interesting and unexpected event occurred during this series of tests. Longer

than normal heating times had to be used to reach ignition temperature; several

of these tests failed to ignite and the tests were terminated; however, during

cool-down the specimen ignited and burned. These data points are marked by

circles in Figures 13 and 14. It is thought that a stress fracture developed in

the oxide shell exposing the molten metal. The energy of the resulting surface

oxidation reaction was trapped within the crack and raised the temperature of the

immediate material to the ignition point, causing ignition and combustion.

Figure 15 presents the data from both pyrometers for one such event. The top

curve shows the narrowband pyrometer data; the bottom curve, the broadband pyrom-

eter data.

Figure 13 presents the average top surface temperature at ignition. As can

be seen there is a slight ignition temperature decrease, 9.12 K/MPa

(0.0629 K/psi), at pressures beyond 0.14 MPa (20 psia). Figure 14 represents
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the temperatures of a 0.5 mm diameter area on the top surface at ignition. This

data shows the variation that can exist in surface temperatures. Maximum surface

temperatures are considered to be approximately 150-175 K above the average sur-

face temperature linear least squares curve. The temperature of the oxide-alloy

interface is considered to be within +20 K to the linear least squares curve.

2. Cobalt-Based Alloy, Haynes 188

Haynes 188 was the only cobalt-based material to be tested. Material in

suitable configuration could not be obtained. Specimens were therefore cut from

flat stock and stacked. This type of specimen only allowed surface temperatures

to be measured. From the existing data and examination of samples that did not

ignite, it appears that the material must be within the melting range, 1575 to

1630 K or above to ignite, and definitely must be fluid in order for unsupported

combustion to occur.

The material is extremely difficult to ignite due to the thick oxide layer

produced during heat-up. This oxide layer appears to have a melting range sig-

nificantly above that of the alloy and thus restricts heat transfer to the base

alloy, preventing easy ignition and combustion. A number of attempts to ignite

the samples failed. These samples sustained severe surface damage, i.e., oxida-

tion, melting and vaporization, without burning. Ignition temperatures (see Ap-

pendix B) were difficult to obtain because the nature of the oxide layer required

extended run times to obtain combustion. Those that were obtained are presented

in Figure 16 while temperatures at combustion are presented in Figure 17. These

temperatures are probably considerably higher than the oxide metal interface be-

cause of the oxide thickness.
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3. Iron-Based Alloys

a. Carbon Steel 1018

A carbon steel was included since atmospheric flowing oxygen tests had indi-

cated that the 300 series stainless steels may ignite below the solidus tempera-

ture. It was thought that ferrous oxide, carbon or iron-carbides were the most

probable source of the ignition. Since many of the materials to be studied con-

tain significant quantities of iron, and some carbon, it was considered expedient

to determine the ignition and combustion characteristics of an iron-carbon system

for comparison to other iron containing alloys. Carbon steel 1018, which was

readily available in the laboratory, was used for this work.

The temperature data from the broadband pyrometer shows considerable re-

gional surface temperature activity. Temperature spikes are apparent from the

activation of this instrument at approximately 1173 K until combustion begins.

Mass data, however, indicate that little or no detectable mass was consumed prior

to ignition. Consequently, these temperature spikes are not considered to be ig-

nition zones but may be due to the rapid heating of loose oxide layer scales or

the ignition of microscopic phases on the specimen surface. Combustion develops

rapidly from a major ignition event. Figure 18 presents the interior temperature

data and Figure 19 the average surface temperature data at ignition. There is a

slight pressure dependence in ignition temperature with increasing oxygen pres-

sure, but not large enough to be considered significant at this time. Rapid com-

bustion occurs only in the fluid state. Ignition and combustion may be consid-

ered to be concurrent.

b. Stainless Steel: AISI 302, 304, 304L, 316, 321, and 347

The detectability of the ignition point of the AISI 300 series alloys tested

improved dramatically with increased oxygen pressure, Figure B.3. The ignition

temperatures also decreased to within the melting range or below, if the solidus
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IV. SUMMARY AND FUTURE EFFORT

Several experimental problems have developed during the testing at elevated

oxygen pressures. A summary of these difficulties and their resolution follow:

1. Insufficient laser power to reach ignition temperatures at high pres-

sure. This difficulty has been resolved by acquiring a new 500 plus Watt

1 aser.

2. Mass sensor disturbance by building vibrations. This difficulty is to

be resolved by mounting the pressure chamber on a vibration damped table.

3. Mass sensor disturbance by convection currents. This difficulty has

been partially resolved by restricting the area above the sample. However,

additional work must be done.

4. Premature failure of the sample thermocouple. This difficulty was re-

solved by changing materials. However, the new material cannot be used be-

yond 2040 K. Therefore, interior temperature measurements on aluminum al-

loys cannot be made if ignition exceeds this temperature limit.

The acquisition of the new laser will ease the experimental problems. This unit

can be computer controlled; thus heating rates can be programmed and maintained.

Also, there is sufficient power to allow an increase in specimen size and to

allow the sample to be "bathed" in the laser beam, allowing a more uniform sur-

face temperature.

It has been found that aluminum alloys can be ignited at temperatures below

the melting point of the surface oxide layer, in some cases, at temperatures sig-

nificantly below. For these alloys, ignition and combustion are concurrent or

almost so.

For the cobalt, iron, and nickel alloys, it has been found that unsupported

combustion can only take place in the fluid state. Iron alloys can be ignited at

temperatures slightly below the lower bounds of the melting range while cobalt
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and nickel alloys can be ignited only when a fluid phase is present. To date,

the ignition temperatures have no large oxygen pressure dependence.

Present plans call for bringing the new laser online under computer control.

Programmed heating rates will be implemented and data will be generated for the

present set of materials to the 13.8 MPa (2000 psia) pressure level, the maximum

pressure that can be attained without pumps.
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APPENDIX A: Theory of Two-Color Ratio Pyrometry

Two color ratio pyrometry is a straightforward procedure which has one very

strong feature: attenuation of the radiation, within reasonable limits, does not

affect the temperature measurement. The theory of the method is described as

follows for a unit wavelength interval.

Starting with the Planck equation for the spectral radiation, Wg(x), for

a blackbody surface

W
B
(X) = 2 7T c

2
h x“

5
(exp(hcAkT-l)"

1
[W/m

3
], (A-l)

apply the Wien approximation

exp(hc/\kT) lx exp(hc/AkT)

for x << hc/kT

and obtain

W
B
(X) = 2 tt c

2
h A

-5
exp(-hc/AkT) [W/m

3
] (A-2)

where c = velocity of light in vacuum, m/s

h = Planck's constant, J.s

X = wavelength of light, m

k = Boltzman's constant, J/k

T = absolute temperature, K.

The constants may be grouped and the blackbody spectral radiant emittance

converted to graybody by

W(x) = e(A) W
B
(X) = C lE (x) x"

5
exp(-c

2
/xT) (A-3)

where

p
c^ (first radiation constant) = 2 tt h c

c^ (second radiation constant) = hc/k

and e(x) is the spectral emissivity.

A-l



A ratio of the spectral radiant emittance at two wavelengths may now be de-

fined:

(A-4)

Taking the logarithm of the ratio and grouping constants obtain

_ n _ , r ,1

(A-5)

^2
Aq = 5/n — and A^ = C

The wavelengths chosen for the ratio computation must be such that e(A]_)

= £(*2) (° r nearly so); otherwise an emissivity correction would have to be

appl ied.

To expand the argument to a radiation detector signal it need only be ob-

served that the detector signal is directly proportional to the radiation in-

tensity

The argument presented herein is for a unit wavelength. To expand the

argument to a wavelength band complicates the development considerably and is

best approached by numerical methods. To implement the numerical development, a

detector, optical system, and wavelength band are defined and the detector signal

calculated from

thus

S * W(A) or S = K W( A)

R = W(A
1
)/W(A

2 )
= S

l
/S

z
(A-6

)

(A- 7

)

A
1

A-2



where:

Ln R = Ln

radiation

to 1/T.

G - geometric factor

t - optical transmission factor

R(x) - absolute responsivity of the detector

F(x) - filter transmission function

e( x) ,W( x) - are as previously defined.

(S^/S
2 ) may then be calculated from the Planck (or Wien approximation)

equation. It can then be seen that this result is linear with respect

A-3





APPENDIX B: Data Definitions

The definition of terminology to accurately describe an event or events in

an experiment which has widely varying and interacting phenomena is usually dif-

ficult; this study is no exception. A theoretical definition of ignition can be

fairly easily defined. However, to extract this point from the experimental data

in which multiple events take place is far from easy and straightforward except

for the vapor burning materials. The definition of ignition and combustion

point, as determined from the experimental data, for vapor burning and liquid

burning materials is discussed below.

1. Vapor Burning Materials

The materials of the vapor burning type of interest to this program are

aluminum and its alloys. Figures B.l shows an expanded view of the ignition se-

quence of aluminum 6061 in 0.69 MPa (100 psia) oxygen. Data were taken at 20 ms

intervals. The upper curve was the average surface temperature of the specimen,

and the bottom curve was the mass. An ignition event is considered to be devel-

oping when a temperature increase breaks from the general average surface tem-

perature trend. The ignition point is the last data point--or projected data

point--before this trend break. For the data in Figure B.l, the trend break oc-

curs at 20.12 s, and the major temperature step was at 20.16 s. This short in-

terval between the trend break and the major temperature step is typical of an

aluminum alloy ignition. Because of the typically short time between ignition

development and full combustion, ignition and combustion are considered to be

concurrent for this report and the ignition value is used. For the case shown,

the average surface temperature at the ignition time of 20.12 s is 2101 K.

2. Liquid Burning Materials

The cobalt, iron, and nickel based metal alloys burn in the liquid

phase. Figure B.2 shows an overall view of the average surface temperature of a

B-l
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test of a 300 series stainless steel. Figure B.3 is an expanded view of the ig-

nition sequence of this same test. It must be pointed out that this example has

been chosen to clearly illustrate the technique in determining the ignition and

combustion points and is not typical of all test results.

The ignition sequence usually begins with the development of an ignition

zone (hot-spot). This development occurs within the temperature region just

prior to the beginning of the melting range to past the melting range. Thus, the

waveforms of the data are complicated by phase and geometry changes. In addition

to these changes, the oxide layer has built up to a significant thickness and may

have a scaly or irregular surface texture which can give momentary hot-spots.

These hot-spots appear to be an ignition zone on the surface temperature wave-

forms but are not. For a true ignition zone to be established, a small amount of

material must be consumed. This can usually be detected on the mass waveform as

well as the interior temperature waveform. The beginning development of the ig-

nition zone is shown in Figure B.3 by the first set of markers at 15.28 s. The

interior temperature response is delayed because the thermocouple interior posi-

tion is a short distance from the ignition zone. To obtain a numerical value for

the ignition temperature--interior, spot, average, etc. --a data point may be used

or an extrapolating or averaging technique may be employed. The combustion point

is found by determining the beginning time of an accelerating surface temperature

trend ending in an almost instantaneous temperature step. In many cases the tem-

perature accelerating time occurs for only a few data acquisition time periods.

In other cases, the surface temperature acceleration occurs over several seconds

and occasionally longer. As can be seen from Figure B.3, the existence of

numerous hot-spots can mask the determination of the combustion point. However,

for the example in Figure B.3, the combustion point is straightforward and occurs

at 20.06 s. As in the case of the ignition temperature, the combustion
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temperature may be an individual data point or an averaged or extrapolated value.

Occasionally the ignition point and the combustion point may be considered to be

concurrent.
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